ABSTRACT: Control over solid state structure is critical for effective performance in opto-electronic devices bearing π-conjugated charge mediating organic materials. A series of five structurally related Nbenzyl substituted diketopyrrolopyrroles (DPPs) differing solely in 2 out their 60 atoms were synthesized and crystal structures obtained. Systematic variation of the long axis aligned, π-π stacks has been identified within the single crystal structure series and intermolecular interaction energies and charge transfer integrals for the π-π stacks have been computed by means of density functional theory (M06-2X/6-311G(d)). The computed intermolecular interaction energies as well as charge transfer integrals were further investigated utilising a series of systematically cropped dimer pairs, highlighting the crucial role of the benzyl/halo substitution on stabilisation of these π-π dimers. Two of the DPPs, including a new polymorph of a previously reported structure exhibit twice the intermolecular interaction energy and comparable hole transfer integrals to Rubrene, one of the most efficient hole conducting materials known. The computed properties for all of the π-π dimer systems reported herein are consistent with trends predicted by a model system. As such these materials show great promise as charge mediators in organic electronic applications and may be exploited in systematic structure activity based investigations of charge transfer theory. 
INTRODUCTION
Diketopyrrolopyrrole derivatives are widely-employed in the pigment industry [1] [2] [3] and have seen an increasing surge of interest as charge transfer mediators in field effect transistors 4-9 as well as dye based solar cell technologies. [10] [11] [12] [13] [14] [15] [16] We are currently engaged in the development of small molecule diketopyrrolopyrrole platforms in novel opto-electronic and sensing applications.
In π-conjugated charge mediating organic systems, crystal engineering by means of control of molecular solid state organisation and crystal structure are critical for effective device performance. [17] [18] [19] Small changes in molecular structure can have a dramatic impact on those intermolecular electronic interactions which influence key charge transport properties such as charge transfer integrals in organic conducting materials. 20, 21 Despite their wide study, there remains an identified need to examine in more detail the impact of systematic structural variation on DPP crystal structures and how that thereby influences the emergence of semiconductor bands in these organic materials. 18 The detailed mechanism accounting for charge transport in organic conducting materials is the subject of considerable debate. 22, 23 However, electronic coupling, or charge transfer integrals for hole/electron transport, t h/e play a significant role in all of these treatments. Semiconductor band models 23, 24 of charge transport equate the hole or 4 electron bandwidth, BW h/e to 4t h/e whereas t 2
h/e appears in the pre-exponential factor of thermally activated charge transport models including Marcus Theory 22 . Thus and led by theoretical treatment of charge transport in organic media, structural control within crystallographic environments leading to large and systematic variation in t h/e is a highly desirable feature of any potential charge mediating organic crystalline system.
In the following, we report the synthesis, determination and characterisation of five DPP based crystal structures (Scheme 1 and Figure 1C ), that vary systematically on the basis of atom substituents at the para position of the DPP core phenyl ring. The five structures determined were based on hydro (HBDPP), chloro (ClBDPPα and ClBDPPβ), bromo (BrBDPP), and iodo (IBDPP) substituted DPPs as indicated in Scheme 1. Variation of halogen substitution was rationalised upon the enhanced opto-electronic behaviour observed in materials containing these groups. 17, 25 All of these structures exhibit long molecular axis, slipped, π-π co-facial stacking motifs which are generally considered to be the key structural features leading to the emergence of semiconductor band structures in organic crystalline materials. 20, 21 The degree of long molecular axis slip and hence charge transfer integral varies systematically with halo substitution on the phenyl groups while the short axis slip is controlled to within 0.3 Å in all but one structure, as opposed to those non-benzylated diketopyrrolopyrrole analogues. 26, 27 The study also establishes a new crystal polymorph of ClBDPP with significantly different computed electronic properties to that of the crystal structure previously reported 28 (herein denoted as ClBDPPα),
representing one of very few examples of polymorphism in N-substituted diketopyrrolopyrrole derivatives. 29 An observation that illustrates the potential for polymorphism induced enhancement of opto-electronic performance in organic devices. 18 
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In addition, two of the new crystal structures reported possess computed t h values comparable to that of Rubrene 30, 31 one of the most effective charge carrying organic crystalline materials 32 (which we use as a reference material). Small variations in the intermolecular displacements within the dimers comprising the stacks are responsible for significant changes in the magnitude and character of charge transfer integrals. Consequently, large intermolecular interactions, ΔE CP are highly desirable to preserve the thermal integrity of the 1-D π-π stacks. However, it is important to establish the nature of the interactions leading to large E CP values; vibrational activation of multiple, individual low energy interactions at room temperature may lead to considerable thermal-induced slippage of the π-π stacks leading in turn to thermally induced variation in t h/e . The optimal hydro and chloro benzyl substituted DPP derivatives investigated exhibit either comparable or twice as large as the computed ΔE CP for the Rubrene dimer in Figure 1B . As a consequence, our results should be of broad interest to those developing crystalline organic electronic materials, particularly those based around the DPP architecture. Crystal structure determination. Single-crystal data for both Cl polymorphs were measured at Station I19 of the DIAMOND synchrotron light source. 33 Other datasets were measured with laboratory-based instruments using monochromatic radiation. The structures were refined to convergence against F 2 using all independent reflections and by full-matrix leastsquares using the program SHELXL-97. 34 Selected parameters are given in Table 1 (2) 100 (2) 100 (2) 120 (2) 100 (2) a ( Computational details. All molecular modelling studies were carried out using the density functionals indicated below as implemented in Spartan10 software 35 . Dimer interaction energies, ΔE CP , were all corrected for Basis Set Superposition Error (BSSE) using the counterpoise correction method. 36 Using a cut-off distance of Van der Waals (VdW) radius + 0.3 Å, all nearest neighbour dimer interaction energies of crystal extracted-dimer structures and charge transfer integrals of π-π dimers were calculated using the M06-2X density functional 37 as two polymorphic forms, the previously described yellow form 28 (hereafter ClBDPPα) and a new red form (hereafter ClBDPPβ). Although single crystal structures of pigment materials are often hard to come by, due largely to the inherent solubility of these compounds, the current interest in DPP derived materials has led to a number of structural reports. Indeed a search of the CCDC (July 2014 version) found 63 DPP structures with C6 aromatic substituents as per the compounds described here. 40 This included a description of a DMF solvate of BrBDPP. 41 Despite this relative abundance of database structures, the XBDPP structures reported here are of especial importance as due to the sequential variation of the X groups, they form a rare 13 systematic series of DPP structures. This gives a unique opportunity to probe structure-property relationships in these materials. Each packing structure can be described as  stacked along a crystallographic axis (a for HBDPP and BrBDPP, b for ClBDPPα and c for ClBDPPβ and IBDPP) with short contacts formed between the DPP and C 6 H 4 X rings (for example C … C separations of 3.345 Å in HBDPP, see Figure 3 ). As co-facial π-π stacks are of great importance in developing semiconductor bandwidth in crystalline organic materials, they were subject to further investigation and are described below in terms of a long molecular axis (the X to X vector incorporating the longest  system) and a short axis running between the benzyl rings, see Figure 1A . Given the key role of the π-π stacking motif in mediating charge transfer processes in organic materials, 31, 38, 42 we concentrate the remainder of our discussion on these dimer pairs. Spaced filled structures for these dimers are given in Figure 1B Figure 1C . This y restriction has also been the case in other structural analogues incorporating solubilizing alkyl chains instead of benzyl groups. 43 The role of the substituents, both halogen atoms and benzyl groups, in controlling the displacements along the long and short molecular axis respectively, was examined through a series of ΔE CP calculations on various cropped XBDPP dimers.
In table 2 we use bold italics to denote intact, XBDPP crystal π-π dimers as listed in Figure 1 and bold for the derived, cropped structures. Halogen substituents and benzyl groups were cropped out and replaced with H atoms individually and then simultaneously yielding BDPP, XDPP and DPP cropped π-π dimers respectively. The intermolecular interaction energies are summarized in Table 2 for these dimer pairs. Based on the difference between ΔE CP values of the BDPP and DPP pairs, it can be seen that the benzyl groups appear to play a significant role in stabilisation of the DPP cores in the The sum of all of these halo and benzyl substituent associated interactions leads to enhancements of 10-30 kJ mol -1 in E CP for XBDPP versus DPP π-π stacked dimers. It would therefore appear that benzyl substituents actively play an energetic role in the short molecular axis alignment of both HBDPP and ClBDPPβ monomers in forming the co-facial π-π dimers as demonstrated by the results summarised in Table 2 In short, over and above any steric influence of benzylic substituents in restricting Δy, there is evidence for these groups enhancing the π-π dimer binding energy in all XBDPP systems with Δy < 0.3 Å and no evidence of any energetic stability on ClBDPPα. This is contrary to most DPP small molecules utilising solubilising N-alkyl groups, 43 and enforces the importance of N-benzyl substitution on facilitating co-facial alignment in DPP structures which may enhance charge transport in these particular crystalline DPP systems compared to others that have been published.
In effect, the XBDPP dimers in Figure 1C effectively represent a series of crystallographic co-facial π-π dimer systems has been the focus of considerable attention in recent years 39, 44, [47] [48] [49] [50] and the often quoted π-π donor acceptor interaction description 51 has been shown to be with its lower total dimer interaction energy from all nearest neighbours may suggest that polymorphs with either greater, or lesser x slip may be possible under different crystal growth conditions. Indeed, the red PES in Figure 4 suggests that this may be true of all of the materials in this study. We are currently examining this further.
Taking all energetic results in to account, it would therefore appear that all of the interactions binding XBDPP 'π-π'dimers together are local in nature. Each individual interaction may be relatively weak but in summation overall may lead to very large E CP s in 'π-π' co-facial arrangements of DPPs. This conclusion is in contrast to recent postulations concerning such dimer energetics in other DPP systems.
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Charge transfer integrals, t h/e . In view of the close alignment of the XBDPP crystal derived π-π dimers along the x axis, we examined the variation of t h/e of the model HDPP model system with Δx within the framework of the energy splitting in dimer method 42 where t h is given by half the energy splitting between the dimer HOMO and HOMO(-1) orbital pairs and likewise t e by half the energy splitting between the LUMO and LUMO(+1) dimer orbital pair for centrosymmetric dimer pairs as we find in all cases here. The dependence of t h/e on Δx has previously been reported in a variety of π-π dimer systems and is known to be a sensitive function of Δx in all of these systems. 20, 21, 42 However, the model results are the first one on DPPs, which is surprising given the increasing surge of interest in DPP-based materials and their application in opto-electronic systems.
When two monomeric π-conjugated molecules interact forming a π-π co-facial dimer, supra- The dependence of 1/2ΔE H/L on Δx for the model HDPP dimer system is given in Figure 6 , in a form reflecting the changing sign of t h as a function of Δx (we define t h as being given by (E H--E H+ )/2 and likewise t e = (E L--E L+ )/2. As observed in a number of systems, 20, 21, 42 the resulting dependence of t h/e on Δx takes the form of a continuous, damped oscillation with maxima at Δx = 0.0 Å and their values vary substantially even over small variation in inter-monomer translations. 
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Looking at the dashed region in Figure 6 , corresponding to the global minimum on the PES (ca 4.0 ± 1.4 Å) it can be seen that the absolute values of both t h and t e oscillate between values of ca 9.5 and 0.0 kJ mol -1 over the range of Δx indicated. Furthermore, the relative magnitudes of t h and t e vary dramatically with respect to one another over this range; at 3.8 Å; t h << t e , at 4.6 Å; t h = t e , and at 5.2 Å; t h >> t e . Similar behaviour is observed over the broad local minimum at ca 10 Å. Subsequently, we determined t h/e for all the π-π dimers in Figure 1 . Computed t h/e values for the XBDPP π-π dimers (as well as those related cropped dimers) are summarized in Table 3 . In addition, the t h/e as well as t 2 h/e (assuming band and hopping regimes respectively) results for the XBDPP series are shown in Figure 7 . Table 3 . Computed hole and electron transfer integrals (t h /t e ) for structurally modified and non-structurally modified π-π dimer pairs of different N-benzyl substituted DPP derivatives.
Non-structurally modified π-π dimer pair of Rubrene included for comparison. Again with the exception of the IBDPP derived crops, we find that the relative ordering of t h versus t e of the DPP group matches that predicted by the model studies carried out in the HDPP dimer for the appropriate value of Δx. This is quite surprising given the lack of structural relaxation allowed in the model dimer system, most obviously with respect to the phenyl/DPP core torsional twist which is planar in the model. IBDPP and dark green topped; ClBDPPα.
The large t h and t 2 h values of HBDPP and ClBDPPβ dominate both plots in Figure 7 with values approaching those of Rubrene and consistently exceed those for structurally related diketopyrrolopyrroles. 43, 52, 53 Thus based on t h , these two XBDPPs like Rubrene, are expected to act as highly effective hole carriers along the dimer π-π stacking axis in their crystalline state.
Assuming semiconductor band-type behaviour, the remaining t h/e values overall reflect comparable hole and electron transport properties over the group of remaining XBDPPs with three exceptions; BrBDPP favours electron transport by virtue of t e > t h and hole transport is favoured due to t h > t e in both IBDPP and ClBDPPα. Ambipolar electronic charge transport properties (although favouring hole transport) are associated with Rubrene, HBDPP and to a lesser extent ClBDPPβ. On the other hand, thermal activated models of charge transport which depend on t 2 h/e , would suggest that hole mobility in HBDPP and ClBDPPβ dominates the overall electronically influenced charge transport properties of the XBDPP series.
Of particular note is that exchanging I for the Br atoms in BrBDPP results in a relative Δx shift of ca 1.0 Å between monomers in the IBDPP dimer. This 1.0 Å shift is responsible for a complete reversal of the relative ordering of the t h/e values between BrBDPP and IBDPP; t e > t h for BrBDPP, whereas t h > t e for IBDPP. The relevant MOs of BrBDPP and IBDPP are given in Figure 8 . Overall, the various t h/e values determined for the XBDPP π-π dimers can be rationalised on the basis of an underlying, systematic variation in the bonding/anti-bonding character in the HOMOs and LUMOs of an HDPP π-π dimer associated with variation in Δx, subject to perturbation of the π-system by the two new π-lobes of the halo substituents on each monomer present.
CONCLUSIONS
In conclusion 5 DPP based crystal structures are reported, 4 of them novel, one of which is a new polymorph of a previously reported structure. All of these structures exhibit π-π stacking motifs which run the length of the crystal. Local bond dipole and bond-dipole induced dipole interactions appear to stabilise these π-π stacks as does the presence of both halo and benzyl substituents, the latter contributing significantly to x alignment of π-π co-facial dimers in HBDPP and ClBDPPand to lesser extent in BrBDPP and IBDPP.
We find that systematic variation of X in XBDPPs leads to systematic variation in Δx (with little variation in Δy) and therefore in computed t h/e values for π-π dimers extracted from the another only in the nature of the 2 X atoms substituted (out of 60 present), yet the resultant crystal structure variation induced is enough to produce large (tenfold) variation in t h/e to the extent that a complete switching of the predicted nature of the hole/electron mobility may be induced. In this sense, clear structure/predicted charge transfer integral relationships are evident which may be exploited by the development of crystalline organic electronic devices using these materials, rationally tailored to perform specific tasks. Such predicted relationships may also form the basis of systematic tests of charge transfer theory using XBDPP systems. Accordingly, we hope our report stimulates interest in these systems amongst the organic opto-electronic materials research community.
SUPPORTING INFORMATION
Counterpoise corrected interaction energy, number of equivalent molecules, site and spacefilled representation for all the nearest neighbour dimer pairs of XBDPPs. 
